We report on a correlation between C-related deep-level defects and turn-on recovery characteristics in AlGaN/GaN hetero-structures with different MOCVD growth conditions of GaN buffer layers, employing Schottky barrier diodes. The C impurity incorporation was enhanced with decreasing the growth temperature of the GaN buffer layer between 1120 and 1170°C. Acting in concert, three specific deep levels located at~2.07,~2.75, and~3.23 eV below the conduction band were found to become dense significantly at the low growth temperature from steady-state photo-capacitance spectroscopy measurements, presumably attributable to Ga vacancies and shallow C acceptors produced by the C incorporation into the GaN buffer layer. Additionally, from photo-assisted turn-on current recovery measurements, by using 390 and 370 nm long-pass filters, the recovery time became significantly faster due to inactivation of their corresponding deep-level traps. Therefore, the~2.75 and 3.23 eV levels related to the residual C impurity on N sites are probably responsible for the carrier-trapping phenomena in the bulk region of the hetero-structures.
INTRODUCTION
AlGaN/GaN high electron mobility transistors (HEMTs), utilizing a two-dimensional electron gas (2DEG) produced at the hetero-interface, are the next generation of RF power transistor technology that offers the unique combination of higher power, higher efficiency and wider bandwidth than competing GaAs-and Si-based technologies. 1) However, carrier-trapping phenomena in the GaN-based HEMTs, current collapses, present a major limitation on actual device performances at high frequencies. That is, electrical charges trapped on the surface and/or in the bulk region of AlGaN/GaN hetero-structures modify the 2DEG concentration in the channel, which results in an increase in turn-on resistance and finally limits the switching characteristics of the devices. 1) Up to date, surface treatments on AlGaN top layer have already been reported to be effective in decreasing the current collapses by inactivating surface states of AlGaN. 2) Additionally, novel device structures with gate field plates have been demonstrated to decrease the current collapses by the modification of electric field at the gate edges. 3) However, at present, the current collapses have yet to be completely eliminated. Thus, in order to bring out further the promising potential of GaN-based HEMTs, it is needed to perform basic investigation of Correlation between Carbon-Related Deep-Level Defects and Turn-On Recovery Characteristics in AlGaN/GaN -electronic deep-level defects in the bulk region of AlGaN/GaN hetero-structures from a viewpoint of device characteristics. [4] [5] [6] [7] [8] In our previous study, we had investigated a correlation between band-gap states and current collapses in two AlGaN/GaN hetero-structures with different current collapses, where the GaN and AlGaN layers were sequentially grown at the same temperatures of 1150 and 1100°C. 9) As the results, three specific deep-level defects located at~2.07,~2.75, and~3.23 eV below the conduction band were found to be probably responsible for the current collapse phenomena of the AlGaN/GaN hetero-structures, and were likely associated with C impurity incorporation into AlGaN barrier and GaN buffer layers. In this study, focusing on the inevitable C impurity for metal-organic chemical vapor deposition (MOCVD) growth of AlGaN/GaN hetero-structures, we have screened C-related deep-level defects in the bulk region of the GaN buffer layer grown at different growth temperatures and then have investigated a more detailed relation between the C-related deep-level defects and turn-on recovery characteristics in the bulk region of AlGaN/GaN-based Schottky barrier diodes (SBDs). 10, 11) 2. EXPERIMENTAL AlGaN/GaN hetero-structures used in this study were grown on c-plane sapphire substrates by MOCVD. Here, the growth temperature of the GaN buffer layer was varied at 1120, 1150, and 1170°C with keeping the AlGaN growth temperature of 1150°C, which are denoted by sample A, B, and C. 10) The growth pressure and V/III source ratio were kept constant. They consisted of an unintentionally doped 3 m-thick GaN layer and an unintentionally doped 25 nm-thick AlGaN layer with an Al mole fraction of 24 %. Their surface morphologies looked almost identical independent of the growth temperature, as determined from atomic force microscopic (AFM) observations (Fig. 1) . All the samples exhibited typical 2DEG properties, with a sheet carrier concentration of~9x10 12 cm -2 and a mobility of~1200 cm 2 /Vs, as determined by room-temperature (RT)
Hall-effect measurements. The C concentrations of samples A, B, and C were uniformly~6x10 16 ,~2x10 16 , and nm. 11) Here, the stressing time under the off-state was fixed at 60 min. The reverse leakage current density under the off-state was~90.9 mA/cm 2 in the dark. and C grown at the high growth temperatures show a strong shallow donor-acceptor pair (DAP) emission around 3.28 eV, whereas sample A grown at the low growth temperature shows a C-related blue luminescence (BL) band centered at~3.0 eV corresponding to radiative transitions from a C Ga donor to a C N acceptor, in addition to a relatively weak shallow DAP emission at~3.28 eV. 13) Furthermore, the intensity ratios of YL to BE emissions at RT, YL/BE, are 3.30, 1.00, and 0.69 for samples A, B, and C, respectively. These experimental results support that the PL behavior significantly depends on the residual C content in the GaN buffer layer.
RESULTS AND DISCUSSION
Typical dark and photo C-V characteristics of the Ni/AlGaN/GaN SBD samples are shown in Fig. 3(a) . A small increase in capacitance with illumination can be clearly observed in all the samples; compared to the dark C-V characteristics, the photo C-V ones shift a little more negatively in the partial pinch-off mode, reflecting an increase in 2DEG concentration due to deep-level photoemission near the AlGaN/GaN hetero-interface. Correlation between Carbon-Related Deep-Level Defects and Turn-On Recovery Characteristics in AlGaN/GaN -- Figure 4 shows typical room-temperature SSPC spectra of samples A, B, and C at their corresponding peak V G of -3.59, -3.82, and -3.77 V, respectively, as determined from the C-V characteristics in Fig. 3(b) . Here, by using the usual depletion approximation, all the probing depth ranges are in the GaN bulk region that are located around~103,~112, and~82 nm from the top surface of the AlGaN layers for samples A, B, and C, respectively. reported for AlGaN/GaN hetero-structures. 8, 14, 15) Additionally, negative photo-capacitance transients can be seen in the incident photon energy range between~0.78 and~1.35 eV for all the samples, which likely indicates the presence of a hole trap. 16) From the probing depth range, these deep levels turn out to stem from the GaN buffer layer. Among these deep levels, the~2.07,~2.75, and~3.23 eV levels are seen to be significantly enhanced with decreasing the growth temperature of the GaN buffer layer, which is the same tendency as the C-V and VT-PL results. Therefore, these specific levels are probably produced by the C impurity incorporation into the GaN buffer layer. In general, the C incorporation tends to be enhanced at the low growth temperature for MOCVD, resulting in the deep-level formation of the residual C impurities and the Ga vacancies. 16 ) So, it is reasonable that sample A has higher deep-level concentrations than samples B and C, as revealed by the PL, C-V, and SSPC measurements. The~2.07,~2.75, and~3.23 eV levels observed in the SSPC spectra are considered to be related to the V Ga -and the C-induced levels, that is, these deep-level defects are presumably attributable to VGa and/or
VGa-O, VGa-CN, and CN, respectively. [16] [17] [18] [19] Especially, the~2.75 eV level is probably associated with the YL band observed in the PL spectra, as stated above.
We have also investigated the electronic band-gap states in AlGaN/GaN hetero-structures with different V/III source ratios of the GaN buffer growth in view of the C impurity incorporation. In this case, the growth temperature was fixed at 1150°C. With decreasing the V/III ratio, the C incorporation was found to become significant, which results in enhanced formation of the~2.07,~2.75, and~3.23 eV levels. This is in good agreements with the experimental results as stated above. The generation behavior of these specific deep-levels seems in conjunction with each other due to their common origin of the C impurity incorporation. Correlation between Carbon-Related Deep-Level Defects and Turn-On Recovery Characteristics in AlGaN/GaN --difficult to distinguish these deep-levels from a viewpoint of the carrier trapping in AlGaN/GaN hetero-structures.
In this study, in order to separate the effect of each deep-level defect on the carrier trapping in the bulk region, turn-on current recovery characteristics of sample B after the off-state were evaluated under various optical illuminations, as shown in the inset of Fig. 5(a) . 11) On the Ni/AlGaN/GaN-based SBDs fabricated, the turn-on current recovery characteristics are dominantly determined by the thermionic emission from the Schottky barrier,
as seen in the current density-voltage (J-V) characteristics of Fig. 5(a) . Assuming that numerous deep-level traps are present in the bulk region under the Schottky junction, they continue to capture 2DEG carriers against the forward current flows toward their thermally steady-state levels under the turn-on state after the off-state (Fig. 6) , 
